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A  meeting  was  held  at  the  La  Jolla  Institute  on  3-4  August  1981/  to 
have  experts  discuss  recent  research  in  high  brightness  ion  sources  with  an 
eye  toward  possible  applications  of  importance  to  DoD.  Participation  was 
invited  from  the  National  Sufamicron  Facility  at  Cornell  University,  the 
Stevens  Institute  of  Technology,  the  Brookhaven  National  Laboratory,  the 
Oregon  Gradi4ate  Center,  the  University  of  California  at  Los  Angeles,  the 
university  of  California  at  Irvine,  United  Kingdom  Atomic  Energy  Authority 
Culham  Laboratory,  Phraser  Scientific,  Inc.,  and  Thermo  Electron  Corporation. 
Of  these,  the  U.K.A.E.A.  representative  was  unable  to  attend  but  provided  'us 
with  a  written  account  of  his  recent  work  on  liquid  metal  ion  sources . 

Or.  A.  Maschke  (Brookhaven  National  Laboratories}  was  also  'unable  to  attend, 
but  indicated  that  he  has  reproduced,  the  Phraser  Scientific  results  on  the 
capillaritron  using  argon.  He.  intends  neuct  to  study  the  focxisability  of 
ion  beams  produced  by  capillaritrons . 


A.  T.  FORRESTER  (Un'iversity  of  California,  Los  Angeles)  presented 

an  overview  of  the  definitions  of  fundamental  concepts  used  to  characterize 

ion  beams.  He  pointed  out  the  usefulness  of  normalized  perveance  for 

compearing  beams  of  different  ions.  The  unit  poissance  was  suggested  for  this 

parameter.  Another  qtality  which  can  be  usefully  normalized  is  the  brightness. 

In  terms  of  the  normalized  emitttance,  e  =  Sys  ,  the  normalized  brightness 

N 

is  defined  by  3^,^  =  3^/6^y*  =•  hl/T^S^^  which  compares  with  tne  brightnes.s  per 
volt;  1  is  a  geometric  factor  of  order  unity. 


A.  T.  FORRESTER  AND  J.  PEREL  (Phraser  Scientific,  Inc.) 

summarized  the  work  at  Phrasor  Scientific  on  capillaritrons  in  which  a  gas  at 
high  pressure  (several  hundred  torr)  is  forced  through  a  conducti.ng  capillaur/ 
kept  at  a  potential  of  about  10  kv  with  respect  to  an  annular  anode.  Ions 
are  produced  from  Che  pLasma  near  Che  tip  of  Che  capillar^r  by  a  process  noC 


completely  understood.-  Current  densities  are  in  the  range  of  100-1000 
A/cm' .  A  range  of  gases  has  been  employed  including  helium,  neon,  argon  and 
xenon.  The  source  provides  a  very  quiet  beam  with  a  relative  fluctuation 
less  chan  0.12.  Drawbacks  are:  substantial  energy  spread  (possibly  due  Co 
charge  exchange)  which  is  comparable  to  the  accelerating  potentional ,  and  low 
gas  efficiency  (a  few  percent).  However,  for  some  gases,  notably  helium, 
there  is  a  marked  peak  in  Che  energy  profile.  Work  is  underway  Co  isolate 
the  dominant  mecfaanism(a)  for  Che  energy  spread  to  determine  the  inherent 
limits  on  an  energy  spread  of  this  source.  Dr.  G.  Hanson  suggested  that  the 
energy  spread  due  to  charge  exchange  could  be  reduced  by  deflecting  Che 
neutral  beam  away  from  Che  ion  beam. 

Possible  applications  cited  for  the  capillaritron  are  as  a  source  for 
neutrals  production;  orodxiction  of  negative  ions  by  directing  th-*  •  ^ns  at  a 
surface  coated  wi-th  cesium;  ion  implantation  for  surface  hetrdenxng;  and 
annealing.  If  _ne  energy  spread  can  be  reduced  this  source  could  be  osef'ul 
in  ion  beam  writing  applications  and  lithography.  Also,  its  -use  as  a  driver 
for  the  .HEQALAC  cannot  be  ruled  out. 

The  work  on  droplet  sources  at  Phrasor  Scientific  was  also  discussed. 

The  source  is  a  liquid  metal  ion  source  with  the  droplet  size  set  by  the  ex¬ 
tracting  voltage  and  the  currant.  Droplet  soxirces  have  been  ’used  to  study 
the  process  of  rapid  solidification  with  cooling  rates  up  to  10“  “K/sec.  .As 
the  work  at  CJ.X.A.E.A. ,  Culham,  indicates  (see  Appendix  C),  sub-'Um  droplets 
can  be  produced  by  this  method-  If  the  particle  size  distribution  can  be 
made  sufficiently  narrow,  novel  applications  may  arise  in  tribology,  abrasives, 
and  applications  where  homogeneous  packing  of  solids  is  important. 

The  study  of  cooling  of  bodies  whose  size  is  comparable  to  or  smaller 
thcui  the  wavelengths  of  the  emitted  radiation  is  interesting  i.-i  its  own  right. 
Does  the  Stefan-Boltzmann  law  apply  here,  for  instance? 

A,  E.  BELL  (Oregon  Graduate  Center)  discussed  the  recent  work  of  his 
Group  on  Liquid  .Metal  Ion  (LMl)  sources.  In  t.hese  sources,  a  metal  is  heated  to 
its  melting  point  and  t.han  wets  a  blunt  needle  of  tip  radi'us  5-10  urn.  Under  the 
influence  of  an  electric  field  the  liquid  metal  is  drawn  into  a  cone  -vhose  extent 
is  set  by  the  balance  between  the  electric  field  pressure  and  t-he  surface  tension 
stress  Ions  air  e  produced  by  field  emission.  For ’use  i.t  an  LMI  source  ,  there  fore  ,  tte 


taecal  should  have  a  low  vapor  pressure  and  high  surface  cension.  It  oust 
also  be  able  to  wee  Che  needle  without  corroding  it.  These  constraints  have 
in  Che  past  limited  Che  use  of  these  sources  to  gallium  and  gold.  A  widening 
variety  of  ions  is  now  becoming  available  including;  Ga^,  In’",  3i^,  ,  Li* 

Cs  and  Au  .  More  recently,  liquid  alloys  of  platinxjm  and  boron  and  of  plati¬ 
num  and  arsenic  have  made  boron  and  arsenic  sources  available.  Other  useful 
dopants  now  available  from  LMI  sources  are  tin  and  silicon. 

Corrosion  of  the  needle  (usually  tungsten)  has  limited  the  lifetime  of 
these  sources,  however.  Bell  and  co-workers  have  found  chat  a  graphite 
needle  substantially  increases  the  lifetime  of  altaninum  LMI  sources  and  will 
probably  also  do  so  for  sources  of  boron  and  arsenic  ions.  The  difficulty  of 
wetting  and  corrosion  with  alumintim  has  been  overcome  by  first  diffusing  ti- 
cansium  into  Che  graphite  which  is  Chen  covered  by  aluminum.  Availability  of 
long  life  boron  and  arsenic  sources  would  render  possible  direct  implantation 
of  their  ions. 

Current  liquid  metal  ion  sources  produce  high  angual  intensities  (''^20 
UA/sr)  and  moderate  energy  spreads  ("^20  eV).  But  Che  present  work  on  LMI 
sources  as  reported,  for  instance,  at  the  28ch  International  Field  Emission 
Symposium  (Beaverton,  27-31  July  1981)  indicates  Chat  these  sources  are  con¬ 
structed  without  much  fundamental  understanding  of  how  they  work.  Unanswered 
questions  are: 

i)  What  mechanism (s)  are  responsible  for  the  energy  spread? 

ii)  What  is  the  ionization  mechanism? 

iii)  Are  the  ions  drawn  from  a  (Taylor)  cone  or  a  whisker? 

iv)  Is  the  amission  space  charge  limited  or  is  it  set  by 

hydrodynamic  limitations  (by  flow  rate  or  instability) ? 

v)  Can  the  wetting  process  be  explained  suc.h  that  optimal 
needle  composition  can  be  predicted  for  any  given  metal? 

vi)  What  is  the  theoretical  limit  on  the  figure  of  merit 
(for  fine  focus  applications)? 

vii)  What  is  the  process  by  which  neutrals  are  formed  and 
why  are  they  under  certain  conditions  emitted  into  a 
.narrower  cone  t.han  that  for  the  ions? 

'■^iii)  What  is  the  affect  of  the  needle's  surface  condition  an 
the  current  versus  voltage  curve? 


On  che  lasc  point,  it  appears  from  vorJc  at  3eil  Telephone  laboratories  that 
a  rough  needle  surface  leads  to  greater  emission  for  a  given  extraction 
voltage  than  a  smooth  surface. 

On  applications:  J.  H.  Orloff  has  investigated  t.ne  -vriting  speeds  of 
IMI  sources  for  direct  ion  implantation  fabrication  of  '/LSI  circuits  and 
concluded  that  LMI  sources  at  lower  ion  doping  levels  (10 ‘ ‘-10 ' ^/cm^;  will  be 
able  to  meet  the  '/HSIC  II  goals  at  0.5  om  resolution  level.  Higher  dosing 
rates  would  be  attainable  if  only  small  areas  of  the  total  wafer  are  doped. 

It  is  expected  that  direct  -write  ion  implantation  will  be  the  technology  of 
choice  in  the  future  for  applications  requiring  low  levels  of  doping  or 
moderately  high  production  runs  of  '/LSI  circuits - 

Other  microfabrication  uses  of  LMI  ion  beams  include  ion  milling  and 
resist  exposure  where  ions  have  advantages  over  scanning  electron  systems 
because  of  greater  resist  sensitivity  to  ions  and  less  degradation  of  line 
profiles  due  to  charge  particle  scattering  affects  (proximity  affects) .  A 
limitation  to  ion  beam  use  in  deflection  systems  is  caused  by  relatively  low 
ion  speed  which  limits  deflection  rates  to  about  an  order  of  magnitude  less 
than  for  electron  beam  systems.  In  addition  to  these  -uses,  LMI  sources  will 
have  application  in  SIMS-and  for  high  density  memory  storage. 

Non- fine- focused  beam  appli rations  include  surface  modification  to 
reduce  wear  auid  corrosion.  A  novel  application  for  isotope  separation  can  be 
envisaged  at  relatively  low  coat  by  using  arrays  of  LMI  sources ;  •urani'um 
might  be  a  candidate  for  such  a  use. 

For  survey  on  liquid  metal  ion  sources  and  developments  in  Japan ,  see  Appendix  A. 

G.  Hanson  (.National  Su&nricron  Facility)  presented  results  on  a  gas  phase 
field  ion  source  developed  recently  at  the  National  Submicron  Facility.  Since 
1951,  many  researchers  have  developed  an  understanding  of  the  physical  pro¬ 
cesses  which  produce  in  a  given  field  range  point  projection  images  of  surface 
atoms.  'Jsing  an  understanding  of  the  effects  of  neutral  supply,  temperature, 
electrostatic  field,  etc. ,  a  low  temperatxure  source  has  been  developed  which 
produces  pure  from  a  virtual  point  (few  angstroms  source  site)  with  an 
energy  spread  of  1  eV  fwhm  (''•^2  eV  for  90%  of  ions)  at  an  angular  intensity  of 
20  'oA/sr.  This  source  is  appropriate  for  very  high  resolution  beam  wor.k ; 

X-ray  micro-analysis ,  H.,  ion  resist  lithography  and  radiation  annanced  atoh 


o 

processing  at  dimensions  down  to  ’'-iOO  A.  The  source  brightness  at  3  :<V  is 

calculated  to  be  ^^10^  A/cm^/sr.  With  a  good  g\m  lens  (C_  =  C  =2  cm)  the 

z  s 

affective  brightness  is  ”^4  x  10'  A/cm^/sr  (beam  energy  of  50  :<V)  where  source 
current  densities  are  '^>700  A/cm^  (acceptance  half-angle  of  5  nr)  . 

Control  of  the  exact  emitter  configuration  by  microfabrication  would 
clIIow  the  operation  of  such  a  source  at  much  higher  total  current  them  in 
the  present  source  (20  'oA) .  This  would  permit  its  use  for  very  large 
dimension  (0.1  'um  -  1  urn)  beams.  Microfabrication  techniques  are  presently 
being  investigated  at  the  National  Researth  and  Resource  Racility  for  Sub¬ 
micron  Structures  at  Cornell  (NEBFSS) .  Once  control  of  the  emitter  surface 
configuration  is  achieved  for  the  hydrogen  source,  the  same  principles  could 
be  applied  to  generate  high  optical  quality  beams  of  other  species:  dopants, 
metals,  etc.  The  source  intensity,  species  and  energy  spread  -would  of  course 
be  a  matter  for  investigation. 

Further  details  are  given  in  Appendix  B. 

iM.  SEIDL  CStavens  Institute  of  Technology)  presented  an  over/iew 
of  his  woric  on  negative  ion  so.urces.  Mechanisms  used  include: 

(a)  thermionic  amission  (thermally  activated  field  evaporation) 
from  the  surface  of  ionic  conductors.  Examples  cited  were 
0  and  0^  from  zirconia  (doped  with  CaO,  T.OJ  and  ?  from 
CaFj- 

(b)  Sputtering  of  H  ions  from  solids  bombarded  -with  Cs  ions. 

Substrates  can  be  LiH  .  CsH  ,  TiH  ,  '7M  ,  Mo-»-  c.hemisorbed 

X  X  X  X 

hydrogen,  and  Mo-t-  implanted  hydrogen. 

These  have  the  ad-V2mtage  of  small  thermal  spread  and  good  gas  efficiency. 

They  also  have  the  possibility  of  producing  exotic  ions. 

The  present  status  of  Che  thermionic  emission  rxotn  Louie  crystals  is; 

Only  ions  with  large  electron  affinity  can  be  produced  (e.g.,  halogens,  oxygen). 
O.C.  current  densities  of  0  and  0^  up  to  10  mA/cm'  have  been  produced  from 
2r0,  at  1200*^0.  This  might  be  improved  if  a  better  understanding  of  the  sur¬ 
face  treatment  needed  were  available.  The  current  densitites  in  short  pulses 
are  expected  to  be  much  larger. 

On  sputtering:  Many  ions  can  be  produced.  H  beams  have  been  obtained 
with  a  vieid  of  0.5  H  per  Cs  and  an  energy  spread  less  chan  3  aV, 
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Improvement  of  sputter  sources  3iay  result  from  a  oettar  understandrnc  of 
formation  and  from  a  detailed  understanding  of  the  processes  causing  the 
energy  spread.  ;iiso  needed  are  studies  on  the  negative  ions  and  the  develop¬ 
ment  of  a  pulsed  surface  plasma  source. 

The  advantages  of  using  negative  ion  beams  result  from  the  ease  with 
whic.h  they  can  be  neutralized  without  materially  affecti.ng  the  beam  guality. 
The  neutral  beams  can  be  'used  as  the  driver  in  i.nertial  confinement  f'usicn 
by  ballistic  focusing  on  the  target  and  as  exoatmospheric  particle  ream 
weapons.  They  are  not  subject  to  the  'usual  electrostatic  and  electromagnetic 
ixostabilities  and  their  compression  is  limited  only  by  the  thermal  spread. 

L.  DANIELSON  (Thermo  Electron  Corporation]  reported  on  recent  wor.k. 
on  negative  ion  sources  at  Thermo  Electron  Corporation,  iiegative  ion  beams 
can  be  neutralized  with  high  efficiency  at  hig*'  energies  to  produce  mte.nse 
neutral  beams.  Negati've  ion  beams  are  formed  from  positive  ion  beams  by 
volume  production,  double  o.harge  exchange,  or  surface  production.  Surface 
production  appears  to  be  most  promising  at  this  time.  I.n  this  case,  negati'/e 
ions  (e.g.  ,  H*)  are  emitted  from  a  low  •wor.'c  function  target  immersed  in  a 
hydrogen-cesium  plasma.  The  H~  ions  are  formed  either  by  "reflection"  of 
hydrogen  ions  from  the  surface  or  by  sputtering  by  cesi’um  ions. 

The  relative  importance  of  reflection  versus  sputteri.ng  coxiid  be 
examined  bv  supplying  cesium  to  the  back  of  a  porous  sample  so  sputteri.ng  by 
cesium  is  eliminated.  Cesium  diffusion  through  t.he  target  would  maintain  the 
required  low  work  function. 

Thermo  Electron  Corporation  has  developed  a  tec.hr.ique  for  prepari.ng 
sublimed  molybdenum  samples.  Conclusive  experiments  have  shown  that  cesium 
can  readily  diffuse  through  these  samples.  These  samples  have  also  been 
doped  with  oxygen.  These  oxygen-containing  samples  may  provide  a  lower  work 
function  in  the  presence  of  cesium  than  iie  bare  metal  saunr’^**  -rese-nt-y 
employed. 

'Jltra  high  vacuum  experiments  inci'iding  measurements  of  the  work 
functions  of  cesium  on  sublimed  molybdenum,  diffusion  rates  of  oesi-nc  t.tro'ugn 
sublimed  molybdenum,  and  desorption  products  are  necessary  to  optimize  t.ne 
H  yield  from  suc.h  a  surface.  Substantial  improvements  on  H  yield  may  oe 
possible  with  the  'jse  of  this  novel  cesi'um  diffuser  target. 


?.  D.  PREWETT  (U.K.A.E.A.,  Cjlharn,  provided  details  on  his 

work"  with  field  emission  sources  which  axe  now  commercially  available  through 
Dubilier  Scientific  ltd. ,  and  the  work  on  a  closely  related  field  emission 
system  in  which  a  mixture  of  metal  ions  and  charged  liquid  droplets  is  pro¬ 
duced  by  increa.sing  the  supply  of  liquid  metal.  A  variety  of  metals  can  thus 
be  sprayed  onto  substrates  for  the  purpose  of  surface  modification  (hardeni.ng , 
etc.  )  . 

The  work  with  gold  deposited  on  glass  showed  that  droplet  size  could 
be  held  to  2  im.  Coating  races  were  achieved  of  3.3  -  1.2  im  cm^  min  end 
the  gold-glass  adherence  was  measured  to  be  2  x  10 '  M/m' . 

These  sources  can  be  used  not  only  to  produce  highly  adherent  coatings 
but  also  for  making  electrical  contact  patterns ,  surface  corrosion  protection 
and  metal  bonding.  Prewett  points  oat  that,  because  the  ion  beam  is  formed  in 
r-2gh  vacuum  and  is  highly  directional,  it  can  be  'ised  to  produce  highly  -jni- 
form  patterned  coatings  with  masks.  At  a  current  of  500  'lA  and  an  extraction 
’voltage  of  17  kV  the  particle  size  is  about  2  'xa.  Reduci.og  the  C'lrrent  to 
200  '110  at  14  kV  the  particle  diameter  drops  to  less  t.han  1  'jm  with  a  deposition 
rate  somewhat  less  chan  0.2  'im .cm'/min.  At  the  lower  currents,  therefore,  the 
possibility  of  'laing  these  sources  for  making  complex  patterns  at  submicron 
tolerances  without  masks  looks  extremely  attractive..  Si.tce  t.he  material  is 
depcsited  substantially  as  droplets ,  the  -writing  speed  -would  be  mar.kedly  higher 
than  t-hat  of  systems  using  ions  only.  The  crucial  -work  -will  be  on  focusi-tg 
and  deflecting  the  spray. 

S.  ROBERTSON  (University  of  -California,  Irvine)  reported  recant 
-wor.k  at  "JCI  on  a  novel  mode  of  propagation  of  i.ntense  c.harge- neutral  ion 
beams  in  magnetic  fields.  Two  geometries  have  been  considered.  Ir.  one  case 
the  beam  transverses  a  transverse  magnetic  field,  analogous  to  t.~.at  encountered 
by  a  beam  incident  in  t.he  outer  magnetic  sxirface  of  a  tekamak.  The  motion  is 
c.haracterized  bv  t.he  value  of  C  =»  1  -mj  -wnere  ^  is  the  ion  olasna 

pi  1  pi 

frequency  and  .1.  t.he  ion  cyclotron  frequency.  I.n  the  second  geometr-/ ,  t.he 
beam  is  i.ncident  on  a  longitudinal  magnetic  field  i.-acrsasi.ng  -with  iista.nce, 


?.  3.  Prewett,  1.  Pcwland,  X.  1,  .Aitken,  and  C.  .k.  2.  Mancr.y , 

Thin  Solid  I-'ilms  3C ,  11"  ,1281,-  Accendi.x  C. 


corresponding  ro  rhe  siruatron  in  a  nagnecrc  cixrror,  for  ejiampla.  The 

imporranr  paxameoer  governing  zhe  motion  here  cs  the  ratio  if  tne  magnetic 

skin  depth  to  the  beam  radius.  Magnetic  compression  ccc-urs  if  tnis  ratio  is 

muc.n  less  than  'onity.  For  values  much  larger  than  ■jnity,  a  snort  solenoidal 

field  acts  as  a  lens  focusxng  the  beam  outside  the  field  boundary . 

■Jnder  conditions  suc.h  t.hat  c/ai  is  much  lass  t.han  the  beam  radi'us,  the 

pe 

magnetic  pressiire  gradient  leads  to  beam  compression  until  the  transverse 
beam  pressure  balainces  the  magnetic  pressure.  Experiments  with  a  magnetic 
field  of  700  0  indicate  compression  leading  to  a  current  density  increase 
from  1  to  about  4  A/om" . 

3y  cnanging  the  orientation  of  the  magnetic  field  to  longitudinal  with 
a  strength  sufficient  to  make  the  electron  [but  not  the  lonj  behavior  radi-us 
smaller  t-han  the  beam  radius  it  becomes  possible  to  focus  a  c.harge-neutral 
beam.  It  can  be  shown ‘  that  the  focal  length  for  both  electrons  auid  ions 
equals  the  geometric  mean  of  the  ’/alues  for  the  ions  ana  electrons  separately. 
This  is  important  in  that  it  reduces  the  field  required  to  foc'us  protons,  for 
instance,  by  two  orders  of  magnitude. 

The  beam  should  not  distort  the  imposed  magnetic  field.  This  leads  to 

the  inequality  c/oj  much  larger  nhan  the  beam  radius.  For  a  nonrelativistic 

oe 

* 

beam  of  radius  10  cm  t.he  c\irrent  densitv  at  v  »  c/t  is  limited  to  1  A/cm*’  in 

0 

the  lens. 

Manipulation  of  the  beam  after  neutralization  may  have  advantages  over 
the  'isiial  procedure  in  which  the  beam  is  focused,  then  neutralized,  and 
allowed  to  reach  the  target  bailisticaily . 


3.  Fobertson,  H.  Ishizuka,  Peter,  and  M.  Postoker ,  'Jniversity  cf 
California,  Cr’/i.ne ,  Physics  Dept.  Peport  Mo.  31-36  June  138i;  - 
Aooendix  0. 


CONCLUSIONS 


SOURCES  CONSIDERED 

A.  GAS  MC^ZLE  30URCSS  (e,g. ,  CAPILLARITRON) 

Advantages 

Laxge  choice  o£  gases 
.  Simple  coiistruction 

•  Quiet  source 

.  Currant  density  up  to  1  k-A/ca^  possible 
Disadvantages 

.  Large  energy  spread 
.  Low  gas  efficiency 

3.  TA:n.QR  CCNE  LIQUID  METAL  ION  SOURCS 
Advantages 

High  Angtilar  Intensity  (-20  'jA/sr) 

Moderate  energy  spread  (SIO  aV) 

.  Large  ion  choice 
.  Small  apparent  source 
Low  noise  at  low  currents 

Disadvantages 

•  Tip  corrosion  with  some  metals 
Limited  to  wetting  materials 

Noise  due  to  cone  instability  at  hign  currants 


C.  CORJtELL  GAS  PHASE  FIELD  ION  SOURCE 
Advantages 

o 

Very  small  virtual  source  (few  A) 
Small  energy  spread  ('’->2  eV) 

•  High  angular  intensity  ("'-20  lA/sr) 


CORNELL  CAE  PHASE  FIELD  ICN  SOURCE  (cont'd) 


Oisadvantaqes 


At  present  limited  to  H,"^ 

Needs  control  of  emitter  surface  configuration 


D .  THERMIONIC  ION  SOURCE 


Advantages 


Can  produce  negative  ions 
Small  thermal  spread 

Large  currents  possible  from  extended  source 


Disadvantages 


.  Limited  ion  choice 
.  Source  supply  limited 
SPUTTERING  SOURCES  FOR  NEGATr/E  IONS 


Advantages 

.  Small  thermal  spread  (few  eV) 

.  Possibility  of  producing  exotic  ions 
.  Good  gas  efficiency 
Large  currents 

.  Many  ions  can  he  produced 

.  Yield  improvement  with  pulsed  siirface  plasma  sour 
Disadvantages 

Formation  process  of  negative  ions  not  well 
'understood 


LIQUID  METAL  MOZZLE  AND  3LUNT  WETTED  >g3DL£  30UHCSS 
Advantages 

Large  deposition  rates 
.  Controlled  droplet  size 
Submicron  droplet  formation 
High  brightness 

Compatible  with  ultrahigh  vacuum  applications 
Available  for  gold  alloys,  silver,  copper, 
aluminim  alloys ,  and  silicon 
Highly  directional 

Disadvantages 

Limited  focttsability  of  the  chaccged  droplets 
at  present 

.  Somewhat  limited  choice  of  materials 

Particle  size  distribution  possibly  too  broad 
for  some  applications 


II.  APPLICATIONS^ 

Direct  (maskless)  ion  beam  writing  and  milling  (B,C,?) 
Lithographic  imaging  at  submicron  resolution  (B.c,?) 

Image  demagnification  with  extended  source  (B,C,r) 

High  resolution  siirface  analysis  (B,C,?) 

Surface  coating  (A,3,C,E,F) 

Irradiation  of  small  targets  by  ballistic  focusing  (D,i) 

.  Isotope  separation  within  beams  with  small  thermal  spread 
(A7,3) 


The  letters  in  parenthesis  refer  to  the  source  olassific 
of  Part  I. 


ation 


The  advcuirages  cf  ion  beams  for  .nany  of  obese  applioacions  over  aibema 
lives  such  as  elecuron  beams  and  X-ray  sources  are  well  ;<nown.  They  are 
discussed  in  some  of  the  references  listed  in  Appendix  A. 

III.  RESEARCH  RECOMMENDATIONS 

Present  ’understanding  about  the  operation  of  liquid  metal  sources  is  for 
the  most  pairt  limited  to  qualitative  conclusions  drawn  from  highly  idealized 
models.  A  great  deal  of  numerical  work  needs  to  be  done  before  quantitative 
predictions  can  be  made. 

Useful  research  directions  include ; 

.  Investigate  effects  of  needle  geometry  and  surface  micro- 
structure  on  I/V  characteristics,  angular  intensity,  and 
energy  spread. 

.  Investigate  energy  spread  as  a  function  of  amission  angle; 
search  for  ways  to  reduce  energy  spread. 

.  Study  mechanisms  of  ion  formation  to  distinguish  between 
field  ionization  and  field  evaporation  mechanisms : 
determine  origin  of  neutral  species  for  field  ionization. 

.  Investigate  possible  multiple  Taylor  cone  array. 

.  Develop  new  IMI  sources  for  the  elements ,  a .  g .  ,  phosphor'us 
and  nitkel. 

The  micro-droplet  sources  need  furuher  work  on: 

Understanding  of  relation  between  droplet  size  distribution 
and  V-I. 

Focusing  and  deflection  schemes. 

Calculation  of  cooling  rates  of  very  small  cb-ects. 

The  gas  nozzle  source  requires : 

Understanding  of  origin  of  energy  spread. 

Study  of  alternative  geometries  separati.ng  gas  from  ion  beam. 

Study  of  effect  on  ion  production  efficiency  of  various 
electron  emitters  coating  t.he  nozzle . 


The  Cornell  gas  phase  field  ion  source  requires : 

Con-crol  of  exact  emitter  configuration  to  octa. 
'CO'CiJ.  G’-ixcrsfics  • 

Tiiejmxionics  emifners  re<Tuixe : 

.  understanding  of  surface  treatment. 

Sputter  sources  need: 

Improved  understanding  of  ion  formation 
Development  of  pulsed  surface  plasma  source 
.  Reduced  energy  spread- 


appendix  a 


A  REPORT  ON  THE  STATUS  AND  ACTIVITY  IN  RESEARCH  AND  APPLICATIONS 

OF  THE  LIQUID  METAL  ION  SOURCES 
by 

L.  W.  Swanson  and  J.  Orloff 
Oregon  Graduace  Cancer 
Beaverton,  Oregon  97006 

In  this  report  we  wish  co  sumaarize  the  recent  growth  and  current 
level  of  research  and  development  relating  co  the  liquid  metal  ion  (LMI) 
source  and  applications.  We  are  motivated  co  do  this  at  this  point  in 
time  in  order  chat  various  groups  in  the  USA  will  be  aware  what  appears 
to  be  a  uniqxie  source  of  a  variety  of  ionic  species  chat  may  have 
significant  impact  on  microcircuit  fabrication  as  well  as  other  ion 
microprobe  applications.  The  explosive  growth  of  interest  in  the 
LMI  source  is  becoming  worldwide  and  is  motivated  by  (1)  a  basic  inter¬ 
est  in  the  mechanism  and  characterization  of  the  LMI  source  and 
(2)  its  potential  for  fine  focus  (i.e.,  submicron)  applications. 

From  Che  existing  work  it  can  be  concluded  chat  a  "  0.1  urn  beam 
of  metallic  (or  non-mctallic  in  che  case  of  3  and  As)  ions  with  a  current 
density  of  1  to  10  A/cm-^  is  achievable.  The  use  of  low  melting  binary 
and  ternary  alloys  extends  Che  LMI  source  Co  a  wide  variety  of  ionic 
species.  The  ionic  species  which  have  been  successfully  employed  thus 
far  are  summarized  in  Table  I. 

In  Fig.  1  we  summarize  the  growth  of  published  papers  on  che  LMI 
source  and  its  applications.  The  very  rapid  growth  observed  in  che 
last  2  or  3  years  is  due  co  a  significant  level  of  activity  in  this 
subject  by  Japanese  and  European  researc.h  groups.  Two  of  che  authors 


A  Summary  of  che  Ionic  Species  Employed  in  LMI  Sources 


Ion 

Pure  Metal  ! 

Allov 

B 

1 

X  (Pt/B) 

Li 

1 

X 

A1 

X  ' 

i 

Gd 

X 

1 

j 

In 

X 

'  1 

Cs 

X 

Bi 

X 

Sn 

X 

Au 

X 

Si 

X 

X  (Si/Au) 

Ge 

X  (Ge/Au) 

As 

X  (As/Sn/Pb) 

Pb 

1 

1  X 

of  this  report,  Drs.  Jon  O-rloff  and  Lynwood  Swanson  recently  visited 
the  groups  in  Japan  who  are  active  in  LMI  R  &  D.  Both  of  us  were 
surprised  at  the  extreme  interest  in  the  LMI  source  and  the  wide  spread 
and,  perhaps,  coordinated  R  &  D  being  devoted  to  this  technology.  The 
stated  goal  of  the  Japanese  effort  is  to  apply  this  technology  to  the 
development  of  microprobe  systems  for  various  aspects  of  microcircuit 
fabrication. 

Similar  activity  pre-dating  che  start  of  che  Japanese  effort  has 
been  occurring  in  che  USA  and  Europe,  however,  che  level  of  effort  in 
terms  of  manpower,  funding  and  coordination  has  been  exceeded  by  che 
Japanese  program.  We  are  not  aware  of  such  work  in  c.he  USSR  although 
our  laboratory  has  been  visited  by  Dr.  E.  I.  Givargizov  of  the  Institute 
of  Crystallography,  USSR  Academy  of  Science  who  expressed  considerable 


intares:  in  the  LMI  source  work  at  OGC.  A  report  of  the  Japanese 
trip  by  Dr.  Jon  Orloff  is  given  in  Appendix  I.  In  Table  II  we  suaanarize 
the  various  groups  chat  are  currently  in  LMI  R  &  D  and  the  approximate 
starting  date  of  their  activity. 

Recently  LMI  sources  have  become  commercially  available.  Dubilier 
Scientific,  a  French  firm,  has  a  license  from  Culham  Research  Laboratory 
to  manufacture  a  Ga  LMI  source.  More  recently,  Oxford  .Applied  Research, 
a  company  founded  by  R.  Clampicc,  has  announced  a  similar  commercial  LMI 
source  of  a  variety  of  metals  including  Au. 

The  advances  in  applying  the  LMI  source  to  microcircuit  fabrication 
were  first  carried  out  at  Hughes  Research  Laboratory  (HSL)  and  to  our 
knowledge  they  are  still  the  leader  in  this  technological  application. 
However,  based  on  the  level  of  activity  and  commitment  of  the  Japanese 
effort  this  technological  advantage  held  by  HSL  may  be  overtaken.  It 
should  be  kept  in  mind  that'  many  ocher  applications  of  these  sources 
in  both  fine  focus  and  broad  beam  embodiment  can  be  envisioned. 
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APPETOIX  I 
Trip  Report 
Visit  to  Japan 
by 

Dr.  Jon  Orloff 
Moveober  1980 


Report  on  Visit  to  Japanese  Laboratories,  November,  1980 
Introduction 

In  Noveober,  1980  I  visited  several  laboratories  in  Japan  where 
research  on  electron  optics  and  liquid  sctal  field  ionization  (pil) 
sources  is  under  way.  The  laboratories  were:  Osaka  University; 

Nippon  Telephone  and  Telegraph  (NT  &  T) ;  The  Electrotechnical  Laboratory 
at  Tskuba  (Science  City),  Ibarakl;  Japan  Electron  Optics  Laboratory 
(JEOL) ;  Hitachi  Central  Research  Laboratories  (CRL).  At  each  of  these 
laboratories,  with  the  exception  of  JHOL,  there  is  incense  interest  in 
and  research  devoted  to  the  application  of  LMI,  particularly  towards 
oicrofabricacion.  Ac  JEOL  the  interest  is  on  applications  with  a  view 
towards  producing  ion-optical  inscruaencs.  A  brief  description  of 
what  I  was  shown  follows. 

Osaka  University 

Professor  Naaba  heads  a  group  studying  LHI  sources.  They  are 
working  intensively  on  As  sources  and  have  two  which  provide  As  beams: 
B-Ge-Pt-As  and  As-Sn-Pb.  They  are  also  working  on  an  As-Se  eutectic 
with  a  1S0*C  aielcing  point.  This  group  has  some,  six  or  eight  graduate 
students  who  are  making  sources  and  measuring  their  properties. 

Professor  Coma,  who  works  closely  with  Professor  Namba,  is  designing 
and  building  an  optical  column  to  utilize  LMI  sources.  It  consists  of  two 
einzel  lenses,  a  Wien  filter  for  mass  separation  and  an  octupole  stig- 
macor  deflector.  This  laboratory  had  Just  received  a  5150,000  grant  from 
the  Japanese  government  for  focussed  ion  beam  studies. 

There  are  extensive  facilities  at  Osaka  University  for  the 
sciidy  of  microcirc^lit  fabrication,  including  MBE  equipment,  a  JEOL 
Model  50  e-beam  machine,  sputter-etch  capability  for  resist  development. 


light-optical  lithographic  devices  and  wet  chemical  development 
facilities. 

It  is  evident  chat  the  University  is  training  large  numbers  of 
students, at  the  graduate  level,  in  the  techniques  of  microcircuit 
fabrication  as  well  as  in  electron  optics  and  field  ionization 
techniques. 

I  was  surprised  at  how  crude  the  equipment  and  facilities 
were  at  the  University  in  conparlson  with  the  private  company  laboratories. 
Much  of  the  equipment  used  by  graduate  students  and  professors  alike 
looked  like  what  one  would  expect  to  find  in  freshman  laboratories  in 
Che  U.S. 

NT  &  T 

NT  i  T  is  the  Japanese  analogue  of  Bell  Labs.  They  have  a 
great  interest  in  microcircuit  fabrication  and  have  elaborate  facilities 
for  experimental  work  on  cheir  production.  They  have  just  begun  to 
study  fociassed  ion  beams  produced  with  LMI  sources,  using  a  Dubilier 
source  (including  power  supplies).  This  is  coupled  to  an  optical 
column  which  consists  of  an  einzel  lens  followed  by  an  immersion  lens, 
a  beam  blanker  and  a  deflection  system.  They  have  achieved  1  um  beam 
size  with  currents  of  0. 7  to  0. 3  oA  in  preliminary  tests. 

The  NT  &  I  group  is  studying  means  of  developing  resist 
exposed  by  ions.  They  came  up  with  the  0;  plasma  technique  in  which 
a  layer  of  GajOj,  formed  from  Ga  implanted  in  the  resist,  protects  the 
underlying  resist  from  attack  by  the  plasma.  In  effect,  the  implantation 
of  Ga  creates  a  negative  resist  (H.  Kuwaro  et  al. ,  Jap.  J.  Appl.  ?hys. 
_^(1980)  6L5) .  The  ion  shower  concept,  in  which  a  collimated  beam  of 


balocarbon  ior.s  produced  by  an  rf  field  Is  acceleraced  to  1  k.V  and 
aimed  at  the  surface  of  the  resist,  is  being  tested  extensively.  It 
is  expected  that  techniques  such  as  this  will  be  used  with  ion  beam 
resist  exposure  systems.  Workers  at  NT  &  T  commented  that  they  believed 
ion  resist  exposure  systems  held  great  promise  for  construction  of 
submicron  features. 

Electrotechnical  Center.  TSkuba,  Ibaraki 

Tskuba,  or  science  city,  is  the  location  of  several  large, 
new  laboratories.  There  are  several  thousand  scientists  and  technicians 
who  live  near  and  work  in  this  government  supported  facility.  I  visited 
only  the  section  involved  with  LMI  studies.  It  took  about  six  weeks  to 
obtain  permission  to  see  the  laboratory. 

The  group  studying  electron  optics  and  ion  beams  at  the 
Electrotechnical  Center  consists  of  some  half-dozen  professional  level 
individuals.  They  are  young  and  aggressive  and  are  vigorously  studying 
new  electron  optical  schemes.  In  particular,  they  are  examining  those 
which  involve  the  use  of  electrostatic  quadrupole  lenses  with  entrance 
and  exit  apertures  excited  to  potentials  chosen  to  minimize  spherical 
aberration.  Application  of  strong  fociissing  lenses  to  ion  beams  is 
foreseen.  Work  on  electron  optica  is  both  theoretical  and  experimental, 
as  is  work  on  LKI  sources.  Efforts  are  now  being  made  to  study  the 
exposure  of  resist  by  ion  beams  using  conventional  ion  sources.  A  50 
kV  system  with  an  LXL  source,  beam  blanking  capability  and  current 
stabilization  by  means  of  a  control  electrode  in  the  ion  gun,  is  In 


the  design  stage. 


The  seated  goal  of  this  group  is  to  apply  fine-focussed  ion 
beaos  to  microcircuit  fabrication.  There  are  extensive  facilities 
available  to  them  for  I.C.  fabrication  by  conventional  means,  which 
they  hope  to  augment  by  this  new  technology.  Any  successful  develop¬ 
ments  can  be  expected  to  be  rapidly  utilized  by  Japanese  industry, 
since  this  is  a  government  funded  facility. 

JZOL 

JEOL  is  primarily  a  manufacturing  and  engineering  company 
which  does  relatively  little  research.  JEOL  produces  a  broad  line  of 
electron  microscopes  and  ocher  scientific  equipment,  incl-iing  a 
scanning  Auger  microscope  and  an  electron  beam  lithography  system. 
Although  It  is  not  a  research-strong  company,  it  has  demonstrated 
great  skill  at  exploiting  research  developments  made  elsewhere.  Ac 
present,  a  low  level  effort  is  under  way  to  study  UH  sources.  If 
there  should  develop  a  market  for  ion  beam  inscrumentacion  based  on 
reasonably  sophisticated  optics,  it  would  not  be  surprising  If  JEOL 
were  to  build  end  sell  such  devices,  applying  the  knowledge  it  gained 
from  its  e-beaa  machine  program. 

Hitachi 

Hitachi  is  a  large  (1979  sales  •  $7.7  *  10^)  company  which 
spends  about  52  of  its  salas  on  R  i  D.  I  visited  both  the  Central 
Rasearch  Laboratories  (CRL)  la  Tokyo  and  the  Production  Engineering 
Laboratories  in  Yokohama.  The  latter  organization  is  interested  In 
the  use  of  fins-focussed  ion  beams  for  microcircuit  fabrication,  but 
has  done  no  work  on  the  problem.  The  CRL  groups  are  actively  engaged 
in  research  on  sources  end  optics.  Two  types  of  e-beam  lithography 
machines  have  been  developed  at  CRL,  for  internal  Hitac.hi  use.  One 


Is  a  field  eoisslon,  round  bean,  vector  scan  system  and  the  ocher  is  a  LaBg 
cathode,  shaped  beam  system  along  the  lines  of  chose  developed  at 
IBM  by  Pfeiffer  and  coworkers.  Therefore,  the  expertise  needed  to 

build  sophisticated  electron-optical  columns  clearly  exists  at  CBL. 
Although  I  was  invited  to  visit  QtL  and  I  spent  time  seeing  the  e-beam 
systems,  I  was  shown  very  little  of  the  experimental  systems  used  for 
LMI  studies.  Whether  this  is  because  they  are  very  secretive  or  because 
they  have  done  relatively  little,  I  don't  know.  Theoretical  studies 
are  under  way  on  the  nature  of  the  source,  and  there  was  certainly 
great  interest  evidenced  in  the  use  of  ion  beams  for  resist  exposure. 
Questions  asked  of  me  relating  to  practical  applications  of  the  LMI 
source  indicated  chat  an  experimental  program  was  just  beginning. 

Hitachi  personnel  indicated  that  they  were  committed  to  pursuing  all 
approaches  to  submicron  lithography.  The  size  of  the  effort  (I 
estimate  5  Ph.O.  level  people)  and  their  high  quality  personnel 
surely  mean  chat,  if  it  is  possible  to  apply  LMI  techniques  to 
microcircuit  fabrication,  Hitachi  will  do  it. 
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Abstract 


The  aypl'^catlon  of  icnitat'on  as  a  tcoi  ~or  '•tufina  sucm'crtn 

faorication  depend  criticai'y  upon  the  charactar’ sties  df  tne  sourta; 
the  angular  intansity  and  the  energy  spread  of  the  ions,  “he  c.nrcmat'o 
aberration  coefficient  of  the  ion  optical  system,  the  anaular  aoerture  and 
the  energy  spread  comoine  to  set  the  limit  of  soot  size  and  cur-ant  density 
for  very  high  resolution  probes  with  sources  of  energy  widths  even  as  low  as 
1  aV.  It  is  known  that  the  various  molecular  species  trocucec  by  hydrogen 
field  ionization  are  identlfiaole  by  the  energy  distribution  and  oecause  t.ne 
mass  of  the  ion  will  determine  the  particle  range  'In  ’•esists  at  any  given 
energy,  energy  measursnents  carry  further  importance  in  the  davelocment  of 
the  orooe  forming  system.  In  order  to  characterize  the  source  energy  widths 
and  mass  species  as  a  function  of  beam  current,  annular  intensity  and  sur-ac 
characteristics  of  the  emitter  tio,  we  nave  designed  anc  ooeratao  a  unitized 
Qositionaola  intermediate  ’mage  filter  lens  with  a  demonstrated  resolufion 
of  G.l  a'/  at  2.0  ;<V  and  acceptance  half-angles  of  less  t.nan  5  mr.  At  angu¬ 
lar  intensities  less  than  IQ  ua/sr,  301;  of  tne  field  ions  ->om  or'gnt  s^ta 
emission  of  fields  of  1.5  v/A  occur  within  an  energy  wict.n  of  '-om  1.2  t" 

1,3  eV.  Tnis  narrow  spread  shows  that  only  being  orocucec.  “he 

beam  current  and  angular  intensity,  from  a  single  br-lgnt  site  can  oe  'n- 
creasad  oy  raising  the  source  gas  pressure  and  tne  acol'ec  *ialo  i-ol^l.  ”-a 
energy  Proaoening  occurs  at  hign  intensities  is  oemcnstratec  oy  one  "act  :na 
at  3.5  ua/sr  (Q.5  na  emitted  through  50  _m  acerture  suotencing  a  -'.al  *-a.ngl  e 
■3, ^-2)  of  Q.3G67'*)  30*  of  ions  aooear  within  1.3  ev'  /2 .  3>i  e/  “■•HMl 


•'(n:  ,  a  at 


i3  ua/sr  (2.5  na,  0.Q067r)  90%  of  ions  appears  wit.'iin  2.2  eV  (0.58  a'/ 

P^HM)  where  a  tail  develops  on  the  low  energy  side  causing  a  oroaden'ng  of 
the  energy  distribution. 

The  impact  of  field  emitter  surface  configuration  on  source  angular  'n- 
tensity  and  reliability  are  also  discussed. 


Small,  intanse  ion  sourcas  have  imoortant  ootantial  aocl icaticns  'n 
■nicrofabrication  and  mcroana lysis.  The  utility  of  tne  ion  -nicroDrcoe  *or 
suomicron  work  is  presently  limited  by  source  brigntness  ana  seconaary  'on 
collection  afficiancy.  Ion  microprobe  systems  designee  “or  x-ray  -'luoras- 
cance  analysis  are  of  interest  because  of  tne  higner  ’■esolution  Vegion  •'“cm 
wnich  the  x-rays  are  emitted  would  be  detamined  by  beam  size  below  j.'um 
dimensions)  and  higher  signal  to  noise  (no  or-imary  beam  oremsstrahlung)  of 
ions  as  comoared  with  electron  probes.  With  a  nign  origntness,  I'ouia  gal¬ 
lium  source,  Seliger,  at  al,^"'^  have  demonstrated  the  ootantial  of  'cn  arooes 
for  use  in  mi crofabri cation.  This  demonstration  utilized  the  innerent  nigh 
sensitivity  and  high  resolution  of  ion  resist  exporure  and  'on  team  machining. 

The  development  of  high  brightness  ion  sources  witn  'ow  anergy  screacs  are 
of  interest  because  cnromatic  aberration  limits  team  size  ana  oef'ect'on  ••alas 
at  high  resolution  (probe  diameters  of  0.31  -  1-jm).  Parent  'ons  •'•cm  -•eld 


ionization  have  been  obser/ed  to  have  energy  spreads  of  -1  eV  at  tnresnolo 
(2  3' 

'^**^*^^  ^  rifi  AT  irtnc  nav/a  anr  '  a  "  a w  a  «r  a  r  ac 


Ion  beams  of  such  ions  would  have  potent' al  advantaoes  '■•nen 


comoared  with  liquid  metal  ion  sources  wnich  nave  minimum  energy  spreads  p- 
■i.5e'/.'  '  This  fact  and/or  the  inherent  nign  or'gntness  of  the  -'elc  emitter 

i  -  5  r  3 ' 

configuration  has  stimulated  interest-’  ’  '  in  the  process  of  -'elc  'on- 
ization  as  a  potential  source  for  high  resolution  prooe  -orming  systems. 

In  addition  to  source  brightness  and  energy  spread,  mass  spectral  our'ty 


is  an  important  source  characteristic  oecause  'on  range  cecenas  strongly  ucon 


the  mass  of  the  prooe  oarticle.  It  is  known  that  •''elc  'cniza-'cn  at  *'elcs 
of  1-1.5  'i/\  produces  Parent  ions,  H,*,  and  as  the  :''alo  's  increased  to 

(m 

2  v/A  and  above,  a  mixture  of  oarent  'ons,  -i  secondary  'cns  ano  --  •<': 

anergy  soreads  wnic.n  increase  "aDidly  --om  a.  5  e/  witn  Tncreasvnc  -•'elcs. 


The  final  point  of  inquiry  in  tne  gas  pnase  scurca  'nvesfigafons  ’s  :r.a: 
of  ><hether  the  process  can  oe  controlled  to  oe  suf^'C' ently  •''a.xiple  to  ce 
usable  over  a  large  range  of  proce  system  ooerafing  carametars  's'tas  l.C  to 
I'jn)  and  reliable  ana  staola  "or  axtenaed  oeriocs.  “o  acnieve  tne  'atar  tnar- 
acteri sties,  control  of  the  amittar  surface  con-'guration  -s  tne  'xocrtant 
consideration. 

Ion  Source  Operation. 

Because  the  field  emitter  configuration  is  one  .vnicn  produces  a  /■^’tual 
point  source  of  ions,  the  source  brightness  tay  be  inferred  using  •neasuraments 
of  the  ion  angular  current  intensity  obtaining  tne  emission  area  aitner  -'•cm 
ion  micrographs  or  calculated  estimates  of  the  -'alo-emittar  cross-over  -ao'us. 
Tne  angular  current  intensity  is  measured  in  these  experiments  us-ng  a 
:0um  defining  aperture  in  the  energy  analyzer  to  cef'ne  the  angular  c'ver- 
gence  of  the  beam,  measuring  the  transmitted  cur'-ent  on  tne  image  •’ntens'' er 
^ith  the  analyzer  grounded.  The  size  of  the  proj'ecteo  'mage  a  <ncwn  c' stance 
-'rom  tne  emitter  gives  the  subtended  angular  aperture  ^see  ''gure  "“rere 
•'s  an  auxil’ary  electrode  on  the  intensifiar  on  ^nicn  a  negat've  'SCV  ’S  ao- 
plied  for  tne  purpose  of  suppressing  secpncary  alectrons  from  the  'ntens' er 
surface  v<n1cn  would  otherwise  douola  the  aooarent  'cn  tur-ent.  In  tnese  naa- 
surements  of  the  source  angular  intensity,  no  tor-ecfion  is  mace  *tr  tne  'ens 
effect  of  the  cathode  aperture  which  decreases  the  aooarent  angu'ar  -ntans'ty 
Pecausa  of  tne  axial  field  dif-*erence  across  the  cef’n'ng  aperture. 

An  understanding  of  tne  mecnanism  of  hign  or-igntness  amiss* or  -n  tne  :as 


onasa  source  is  accuired  using  the  analysis  of  Scutnon ' '  “cr  c.ng  succ'y  -'unc- 
t'on  of  neutral  molecules  tc  the  nign  field  reg'cn  "'or  a  nyca''cc'c'c  em'tter 


expressed  oy  tne  formula; 


:art:  o .  es/  sec, 


wnere  "  is  tJie  2 1  actrcstatic  i'ieiG,  ”  is  :ne  tamterazur?  :f  tre  :as  anc  tne 
amittar,  A  is  tne  araa  of  the  amittar  sur-aca  in  the  nign  ■•a't  rec'on  'a 
nemisonerical  tac  of  racius  R)  =  2-R  ,  •=  is  the  sourca  gas  trassura,  <  'S  one 

aoitiman  constant,  c  is  tne  gas  oolaritaDi' ity  ana  V!  :s  one  atomic  mass  of 
the  gas  molecule.  Although  the  formula  underastimatas  the  cur'-ant  oc- 
serve  from  the  amittar,  it  qualitatively  cescrifaes  the  imoact  of  tne  physical 
oarametars  an  the  supoly  of  neutrals  and  therefore  the  cur-ant.  It  'S  clear 
the  source  should  be  designed  for  lov*  tamoeratura  with  as  nign  a  gas  pressure 
as  possible  without  inoucing  ion-neutral  beam  broadening.  Alsc  the  amittar 
surface  should  be  ccnf’gured  to  maximica  the  area  of  tne  f'a'c  -egion. 

Conversion  of  the  neutral  supoly  to  localized,  nign  or'gntr.ess  amiss'on 
occurs  by  diffusion  in  the  nign  fielo  region  to  locat'cns  of  n'gner  "'a-lc 
wnere  ionization  times  are  short.  "'Igura  2  snows  an  example  of  this  affect 
using  a  tungsten  <110  >  emitter  whicn  nas  oeen  'lasnec  at  -2CCC®'<  ^itn  some 
residual  partial  pressure  of  hydrogen  present.  In  f'lgure  2a,  tne  ion  pattern 
*rom  the  amittar  apex  region  is  viewec  through  an  aperture  suotanoinc  -C.Sr. 
-’’gura  2b  shows  tne  amission  pattern  "-cm  tne  same  amittar  .pressure,  ta.moer- 
ature,  intansifiar  gain  and  amittar  voltage  neld  constant'.  a“ter  tne  aocear- 
anca  of  a  bright  site  interpretaol e  in  this  case  to  oe  a  prptruc'ng  contami- 
nation  (N^,  02>  etc. '/-tungsten  ccmolex  on  tne  sur-aca.  "  It  's  posarvec 
that  not  only  is  the  total  current  througn  the  aperture  'ncreasec  oecausa 
of  neutral  rupoly  "rcm  -egions  suotanoed  oy  tne  aoerture,  out  tne  or-g-nal 
emission  pattern  is  of  'ower  intensity  oart'cul arly  near  tne  tr'gnt  S'ta. 
Clearly,  there  's  ciffusion  of  the  neutral  supply  'n  tne  ''cn  *'alc  ’■ec'cn 


or  one  emitter  ^nicn  can  oe  mteroretao  as  ocour-'ng  in  a  onys-scrosc  'ayer 
not  totally  ac'ji  1  i oratac  to  tne  emittar  tamcerature  oecausa  tne  'arge  oun- 


r«nts  aniittsd  and  *?ie  relatively  lar^a  aolarization  energy  ieing  tissisated 
(0.07  eV  per  particle).  The  practically  ccmolete  local izat'cn  of  amiss'on 
•rcm  smoot.h ,  diffuse  ion  patterns  of  large  angular  aoertures  .vit.n  t.he  aocear- 
anca  of  a  contamination  site  or  a  negative  ion  souttar  carnage  site  on  tne 
surface  of  amittars  with  radii  of  500-900  I  indicates  tnat  -natarial  -s  c'if- 
fusing  distances  greatar  than  -WO  X. 

These  particular  emission  sitas,  produced  oy  contamination  or  negative 
ion  Pombardment,  are  of  limited  utility  because  there  is  no  control  over  their 
location  an  the  emitter  surface  nor  an  their  formation.  Cver  several  ncurs  of 
source  operation  other  bright  sitas  will  appear  at  a  rata  cetarminec  by  the 
ion  current  and  contamination  partial  pressures.  These  competing  sitas  nave 
the  effect  of  reducing  the  supply  to  the  original  site  anc  therefore,  the 
current  at  the  ion  beam  emission  site  oeing  used  as  a  source  of  n,”  ions. 

7ne  configuration  reported  by  3rady,  et  al^'^^^  minimizes  this  effect  by  pro¬ 
ducing  a  localized  high  field  region  on  the  axis  of  <1C0>  ar'entac  single 
crystal  tungsten  emitter  and  therefore,  long  range  effects  of  surface  -e- 
arrangement  are  not  as  pronounced  and  local  rearrangement  is  not  as  li'<ely 
compared  to  the  annealed  emitter  brignt  sites.  Although  nign  source  pressures 
are  recuired,  at  the  present  time  this  emitter  is  the  most  aooroor'ata  source 
configuration  for  ootaining  a  steady  ion  source  with  angular  cur-ent  'n- 
tensitias  of  up  ta  -s  15  ua/sr. 

Surface  features  from  1  to  10  atoms  in  size,  see  -'Igure  2b,  suc.n  as  e.x- 
cectec  *rom  field  induced  tungsten-nitrogen  complexes  cr  r*anccm  cl-.stars  are 
caoaole  of  sustaining  maximum  current  densities  cor'-esccncing  ;c  22  .a,  sr 
oefore  tney  are  excited  and  dascroed,  cr  restructured,  "here'cre,  -e''acla 

operation  is  limited  to  -15  ua/sr  botn  in  tnis  case  anc  also  'n  era  case  :• 

'11' 

the  cointad  emitter  cescribed  cy  Srady,  at  ai'  .^mcn  'S  suooly  ' 'mi zee. 


Our  tnves'lgafions  into  the  possibility  of  reliably  generating  struc¬ 
tures  of  larger  -nolecular  complexes,  or  prptruaing  clusters,  on  annealed 
field  emitters  nave  on  occasion  oemonstrated  nigner  angular  intensities  in 
which  the  structure  is  not  desoroeo  with  nigner  total  currents.  However, 
after  investigating  the  possibilities  of  microcrystal  growth,  metal  wnisxer 

formation,  radiation  damage,  thermal  dissolution  of  net  planes  and  thermal 

M21 

field  effects'  '  we  have  found  these  processes  to  oe  unreliable  methods  "'or 
producing  a  surface  configuration  which  localizes  tne  emission  on  axis  with¬ 
out  subverting  the  neutral  supply  mechanism.  We  are  presently  investigating 
the  possibility  of  fabricating  a  low  aspect  ratio  structure  -20  ^  high  and 
400  X  wide  on  a  field  emitter  5000  A  in  radius,  ""ecnnicues  to  be  investi¬ 
gated  for  oroviding  the  local  field  ennancing  amission  sur-ace  are  S£.M  con- 
tamination  canes,  metal  layers  produced  by  microfabricaf’on  tecnnicues '  ‘ 
using  resists  such  as  NaCi,  -9^2.  or  contamination  cones  as  resists  ^or  atcn 
ing  (electropolish  or  plasma)  or  deposition  (electroplate),  $cM  raciation 
deposited  tungsten  from  a  layer  of  adsorbed  W(C0)g  ,  etc.  Sucn  a  protruding 
structure  would  contain  10^  atoms  and  lO"^  surface  atoms  bn  wnicn  surface 
roughening  due  to  field-enhanced  contamination  comolexes  wnicn  occur  at  a 
rata  of  several  per  hour  would  be  insignificant.  With  good  adhesion  or 
structuring  in  tungsten,  desorption  of  the  surface  material  does  not  occur. 
Total  currents  increase  in  proportion  to  the  -2.5  power  of  the  ’•aoius  isee 
id,  1)  and  reliable  operation  at  50  .a/sr  can  oe  achieved.  ^  '  A  -aor'ication 
technique  also  offers  the  possibility  of  control' "ng  the  ion  amission  angu¬ 
lar  aperture. 

Ion  ineroy  Analysis. 

"or  the  purpose  of  having  an  energy  analyzer  of  i-'mole  design  wn'cn  wcu 
be  removable  ~or  ion  pattern  viewing  ano  oositionaole  *or  al'grment  on  any 


particular  amission  site,  an  intermediate  image  filter  lens  (retarding  anaiyr 
was  designed  using  the  analysis  and  data  of  Simpson  and  to  nave 

-0.1  e'/  resolution  at  5KV  and  IQmr  acceptance  half-angle,  .-igure  1  shows 
the  electrode  configuration  and  aperture  sizes.  The  aperture  spacings  are 
4..4<tim  and  O.Smm.  The  analyzer  was  designed  for  an  image  in  the  retarding 
plane  with  an  object  distance  of  -2mm  in  front  of  the  cathoce  aperture  when 
the  emitter,  bias  electrode  and  retarding  plane  are  at  essentially  the  same 
potential . 

There  is  generally  the  perception  that  space  charge  effects  will  domi¬ 
nate  ion  beam  optics  particularly  in  the  source  and  in  a  retarding  energy 
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analyzer  which  has  a  low  energy  cross-over.  Knauer**  '  has  analyzed  energy 
broadening  in  ion  beams  wnich  is  due  to  the  "thermal"  Soersch  effect  and 
3oertch  effect  which  is  the  result  converting  transverse  velocity  of  the 
cross-over  motion  into  longitudinal  energy. 

The 'thermal"  Boersch  effect  will  not  be  considered  here  because  the  trans 
verse  beam  temoerature  is  extremely  small  and  not  well  defined,  “he  initial 
kinetic  energy  of  ions  produced  by  field  ionization  is  very  low  as  a  result 
of  the  neutral  supply  accommodation  process.  Tne  thermal  <inetic  energy  at 
lO^K,  '<T,  is  -1  meV.  Because  the  neutral  supply  is  not  in  aouilibrium  this 
low  value  is  not  reached,  however,  -10  meV  is  a  reasonable,  conservative 
estimate  for  the  average  transverse  initial  energy  of  the  '■esulting  ■'^cns. 

This  small  value  is  further  reduced  by  the  acceleration  of  t.ne  oartic'es  out 


of  the  high  field  region  which  has  central  “ield  properties . 

Two  further  regions  of  beam  energy  broacening  whic.n  are  analytaola  'n 


terms  of  the  formulation  of  Knauer^'"  are  those  of  tne  oiverg'ng  '■eg'on  ’n 


'ront  of  the  source  and  the  converging  region  'n  front  of  tne  ’•etarcing 


plane  of  one  energy  analyzer,  "^e  energy  analyzer  ’'eg'on  ''s  z.‘ie  "nosz  or'Zioal 
because  of  the  relatively  larger  region  of  low  ion  oeam  energy  there  as  oom- 
oarec  .vitn  the  corresponding  region  in  front  of  tne  "'ela  emitter  .vnere  tne 
fielo  of  1.5  v/^  rapidly  accelerates  the  ’ons. 

"igure  lb  shows  the  trajectory  boundaries  'n  t.ne  lens.  In  operation 
the  analyzer  would  produce  the  lowest  energy  soreacing  if  the  lens  imaged 
the  source  behind  the  retarding  plane.  In  such  a  case,  the  l*m1tation  'in 
energy  resolution  due  to  variation  of  the  sadole  ootential  berween  tne  axis 
and  a  radial  point  at  the  edge  of  the  beam  boundary  would  occur  if  the  cross¬ 
over  were  too  far  behind  the  retarding  plane.  "Tne  precise  operating  point 
was  found  by  adjusting  the  bias  high  ana  low  oosarving  the  values  at  -vnicn 
diminution  of  energy  resolution  occurred.  A  -1"  bias  was  fauna  tp  o've  tne 
highest  resolution.  It  should  be  noticed  that  tne  acceleration  lens  ras  no 
effect  upon  the  energy  analysis  because  it  ser/es  only  to  reaccelerate  tne 
transmitted  particles  to  the  image  intensifier-aetectpr. 

r  1  ^  1 

Using  the  expression  of  ;<nauer"  for  the  r’oot -mean -aqua re  energy  spread 
for  the  upstream  oeam  boundary  of  the  lens  cross-over,  energy  spread  'esult^ng 
from  the  lens  operating  with  2.5  na  into  5.7  mr  l<inet'c  Energy  -  3.1  eV)  'S 
0.01  eV.  7nis  rather  small  value  results  from  several  effects;  ' "he  nal*- 
angle  of  the  CT^ss-over  is  very  large,  0.23r  for  a  5.'  mr  entrance  angle  as  cai 
culatad  using  the  Helmhol z-Uagrange  relation.  7ie  root-mean-scuare  energy 
spread  is  inversely  proportional  to  this  angle.  'il  “he  area  of  tne  oeam  'n 
the  retarding  plane  can  be  -elatively  large.  A  calculation  of  tne  c:3t3nca 


•rom  an  axis  point  to  an  3f“-axis  point  in  tne  aoerture  of  tne  lens 


:r  vn'cn 


the  potential  varies  by  0.1  a'/  as  a  result  of  *'ala  oenetrafion  sncws  a  oea.m 
diameter  of  3  urn.  iii)  Seam  'nteractions  rave  -oot-mean-scuare  energy  spreacs 


wnicii  deoend  jcon  tJie  fourth  root  of  the  particle  Tiass.  "hus  it  is  clear 
that  for  the  investigation  of  source  prccerties,  tne  -'ntemeciate  •mage  ''"ter 
lens  configuration  provides  both  oositionaoil ity  and  energy  resolution. 

Using  field  emitted  electrons  from  a  tnermal'y  anneellec  <110  >  ••'elc 
emitter  as  a  calibration  standars,  tne  energy  resolution  of  the  analyzer 
can  be  estimated.  Figure  3a, b  show  electron  current  “or  2  volt  scans  of  tne 
retarding  plane  and  bias  voltages  in  the  “orm  of  pnotcgrasns  of  tne  oscil'o- 
scope  display  of  the  electrometer  current  from  the  intensifier  as  a  funcficn 
of  applied  scan  voltage.  Tne  data  shcv<n  '.n  Figures  3  anc  -  are  unorocessec. 
integral  distributions  of  current  transmitted  througn  the  lens  as  tne  -etaro- 
ing  plane  voltage  is  manually  scanned  once  during  a  fime  oer-iod  of  -1  min. 

7’ne  apparent  resolution  of  0.1  eV  shown  in  Figures  3a, o  at  an  electron  energy 
of  3.3  <V  gives  a  demonstrated  lens  resolving  power  :f  2.3x10*’.  At  I*  <V,  tne 
ion  energy  resolution  is  at  least  0.2  e'/  whic.h  is  acecuata  for  measur*ng  'on 
energy  ^ioths  of  1  eV  and  aoove. 

Figures  3c, d  show  the  ef'ect  of  localized  hign  br’ontness  amiss' on  anc 
•ncreesed  Pressure  for  such  emission  on  the  energy  cistr'bution  :f  tne  ions. 


Tnasa  data  snow  the  e.xoected  energy  distribution  of  parent  -i-  ions  prpducad 
by  f-eld  ionization.  At  3.3ua/sr  'Q.ona,  *  S.Tmr)  and  13ua/sr  ■2.3na, 

/2  *  5.7mr),  peaks  of  essentially  ’  av  (~VHM)  are  opsarved.  At  i’cnar 
angular  Intensities,  Figure  3c  snows  the  presence  of  energy  spreading  'n  :ne 


fern  of  a  low  energy  tail  which  is  accpuntac  for  py  severa'  : 
i Pressure  broadening  between  the  emitter  and  tne  analyzer 
At  cna.mcar  pressures  pf  5x10**^  and  acove,  source  pressure  anc 
sections  -Indicate  tne  procability  pf  ion-neutral  pol''s-pns  ' 


nys'lpa'  processes 
Ps-’'ininc  apercure 
pp'  ■  -'s-pn  press 
'  ’  m  “ *  ""C  an  “ 


aoove  source  pressure; . 


Charge  interaction  pf  -ipns  anc  pn-'^eutra' 


intaractTon  in  the  region  of  the  ionization  zone  near  the  amittar  3ur*aca. 


Although,  as  .tentioneg  above,  the  f-feig  is  guita  high  '1.5  ••  is  seen 

•  MS) 

rrcm  the  analysts'  that  the  .tean-square  energy  soraading  is  orocortional 
to  the  beam  diameter  and  the  currant  density  which  is  crooortionai  to  the 
amittad  current  Ci'/tded  uy  Che  aiemetar  of  one  beam.  Since  tur’*ent  densities 
are  high,  or  beam  diameter  is  extremely  small,  far  a  short  distance  near  tne 
ionization  zone  source  energy  spreading  may  result  in  acoition  to  some 
collisional  broadening  resulting  from  hign  neutral  censity  in  the  sa-me  region. 

Figure  A  demonstrates  the  importance  of  orooer  adjustment  of  the  sourca 
electrostatic  field.  7nere  is  energy  broadening  whicn  is  aooarently  cue  to 
chemical  reactivity  at  brignt  sites  operated  at  fields  oelcw  c.ncse  suf’icient 
to  produce  a  large  amount  of  field  dissociation.  7nis  result  is  icentified 
as  a  surface  chemical  process  because  of  its  pressure  dependence,  '.e.,  the 
amount  of  products  h'*’  and  depends  upon  the  numoer  of  neutral  hycrogen 
molecules  present  at  the  ionization  site.  Because  of  its  cetr'mental  effects 
upon  the  sourca  optical  properties,  this  regime  is  to  be  avoided  in  source 
operation  oy  ooerating  the  sourca  on  the  low  fielc  side  of  t.ne  sur-aca  suo- 
plied  peak  in  the  total  ion  current.  In  this  f'eld  winccw,  only  is  oro- 
ducad  as  is  seen  in  Figure  3. 

Gas  phase  field ■ ionization  at  13ua/sr  produces  ions  with  an  energy  screec 
of  1  eV  if  the  field  is  adjusted  properly.  ITie  briqntness  of  tne  sourc 

can  be  astimatad  using  either  the  amission  area  from  tne  field  oosarvec  in  tne 
field  ion  oattam  or  from  estimates  of  the  cross-over  ’■acius.  A  oonsarvative 
estimate  of  the  initial,  transverse  ion  energy  of  3.35  e*/  orecicts  a  cross¬ 


over  radius  (formulation  of  Wiesner  ana  Evernart 


,  wnicn  -is 


tne 


tio  radii  (300-500  A)  used  in  this  work.  Sourca  or'gntness  of  3.xl3'  a,  c.m*  'sr 


at  5  KV  are  calculated.  With  a  gun  lens  c.naracterizsd  by  chromatic  and  soner- 
ical  aberration  coefficients  »  C,  =  2  cm,  the  apoarent  source  probe  formed 
would  be  chromatic  aberration  limited  using  an  acceptance  balf-angle  of  :  mr, 
giving  a  probe  radius  of  -100  X  with  a  current  density  of  700  a/cm",  "he 
caicuiaceu  effective  bngntness  is  oxlQ  d/'cn  /Si  at  60  \l  assuming  a  source 
of  13  ua/sr  angular  current  intensity  and  an  energy  spread  of  1  eV  "WHM, 

These  results  compare  well  with  the  liquid  metal  sources  wnicn  operate  with 
4.3  eV  energy  spreads  at  20  ua/sr  which  give  an  affective  brigntness  with 

s  ^ 

the  assumed  lens  of  4x10  amp/c3i“/sr  at  50  kV  using  a  5  mr  acceptance  half- 
angle  and  plasma  sources  which  have  source  brightness  of  only  -10"  a/cm"/sr 
with  energy  spreads  of  at  least  5  eV. 
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F-;qurg  Caotions 


gure  1 . 


gure  2. 


gure  3. 


a)  Scnematic  diagram  of  the  source  showing  field  emitter  ano  catn- 
ode  aperture  whicn  are  cooled  to  temperatures  of  lO-'S’K.  'he 
intermediate  image  filter  lens  shown  gives  integral  energy  analysis 
of  the  ion  beam.  It  is  mounted  so  as  to  be  como lately  oositionaPie 
and  ranovaole  for  ion  pattern  viewing.  Beam  current  is  measured 
and  observed  on  an  electron  intensifier  (CcMA)  which  has  an  electron 
suppressor  r-ing  for  eliminating  secondary  electron  cur-ents  from 
the  ion  current  measurements,  b)  Say  path  of  ions  dur-ing  energy 
analysis.  Ions  emitted  into  an  acceptance  half-angle  of  5.7  nr 
cross  the  retarding  plane  at  an  angle  of  0.23  rad. 

Ion  emission  from  a  localized  br'lgnt  site  on  a  thermally  annealed 
tungsten  <110  >  oriented  field  emitter,  a)  ^un  jattern  froin  sri.coth 
surface  (7KV,  7x10"^  torr  chamber  pressure,  5.3  na  througn  cathode 
aperture  subtending  0.5  rao).  b)  Bright  site  emission  (7'<V, 

7x10*^  torr,  same  intensifier  setting  as  2a),  13  na  through  catn- 
ode  aperture).  Angular  current  oer  unit  source  crt'sure  ceoends 
upon  the  number  of  other  emitting  sites  and  the  snaoe  :f  the  emitter 
endform.  Current  appears  localized  into  hal*-anales  :f  -IG  mr  at 
a  maximum  of  2Q  ua/sr. 

a)  b)  "ield  emission  electron  energy  distr-'bution  )'.nt2gral) 
calibration  of  the  energy  analyzer.  Electron  current  of  5x10  '  a 
is  collected  through  50um  aperture  subtending  mr  nal*-angle. 
Energy  wiotns  of  electron  emission  are  0.2  to  3.3  eV  •vn'ic.n  -s  oo- 
sarved  using  the  analyzer  de.monstr3ting  a  '•esolv'ng  ocwe"  _//'/  = 

0.1  <V/3.5  '<V  =  2.2x10"’.  c)  Ion  energy  Cistr'but'on  -ntegral' 
at  ISua/sr  '2.5  na,  5.,.^  =  5.7  mr),  0.?8  e'/  3.2  3'/  *or  9Ct 


of  ions,  d)  Ion  energy  distribution  at  3.5  ua/sr  (0.5  na,  ’ 

5.7  inr) ,  0.34  aV.  The  increase  in  current  of  c)  is  :.he  result  of 
increasing  the  source  pressure  and  increasing  the  voltage  -5%  ^rom 
that  of  d).  Ion  emission  from  these  sites  is  limitec  oy  desorption 
iu  a  .TiaAi..tuni  of  20  ua/sr.  Ion  amission  from  the  pointed  emitter 
configuration  discussed  in  the  text  is  limited  to  15-20  ua/sr  by 
breakdown  at  the  high  source  Pressures  required. 

Figure  4.  Pressure  affects  in  the  energy  distribution  of  brignt  sites  operatea 
at  too  high  an  average  electrostatic  field  (-2  v/A). 

a)  Chamber  pressure  5. 5x10*^  torr. 

b)  3x1 torr 

c)  9x10"^  torr 
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METALLURCICAJ-  AND  PROTECTIVE  COATINGS  1 


THE  DEVELOPMENT  OF  A  SPRAYER  FOR  FIELD  EMISSION 
DEPOSITION* 

P.  D.  PREWETT,  L.  OOWLAND.  K.  L.  AITKEN  aNX)  C.  Vf.  0.  MaHONY 

UK  Atomic  Entrgy  Autkartty  Cuikan  Laboratory,  Abutfdon.  Oxforashtrt  0X14  SDB  i 3t.  Bniami 


In  the  process  of  field  emission  deposition  (FED)  or  lONCOTE.  a  blunt  wetted 
needle  is  used  to  generate  a  coating  spray  of  ions  and  droplets  under  the  acuon  of  a 
high  electric  field.  Coatings  of  a  variety  of  elements  and  alloys  can  be  produced  m 
this  way.  but  this  paper  deals  mainly  with  gold  for  which  most  progress  has  been 
made. 

The  blunt  needle  concept  was  incorporated  into  the  design  of  a  prototype 
sprayer  and  its  performance  characteristics  were  investigated.  In  particular,  control 
of  emitted  droplet  size  was  achieved  and  the  optimum  operating  conditions  with  a 
droplet  diameter  of  about  2  unt  were  identified.  Under  these  conditions,  coating 
rates  in  the  range  OJ-l.O  pm  cm*  min' ‘  are  achieved  with  measured  adherence  as 
high  as  2  X  10^  N  m  for  coatings  of  gold  on  glass. 

Preliminary  experiments  demonstrated  eiectrosutic  focnsing  ^nd  defiecdoo  of 
the  coating  spray  and  spot  sizes  of  a  few  millimetres  in  diameter  were  achieved.  As  a 
result  the  FED  process  shows  great  potential  for  maskless  generadon  of  coadng 
patterns  such  as  goid-on-aiumina  interconnects  for  hybrid  microcircuits. 


1.  INTRODUCnON 

There  is  currently  a  great  deal  of  interest  in  the  development  of  high  brightness 
liquid  metal  ion  sources  for  a  variety  of  applications  such  as  the  lithography  of 
microarcuit  patterns  and  high  resolution  surface  analysis'  One  such  source  (DSL 
Senes  A  and  B  ion  sources.  Dubilier  Soendfic  Ltd..  Abingdon)  reiies  upon  the 
emission  of  ions  from  an  eiectric-field-distoned  film  of  liquid  metal  which  is 
anchored  by  wetting  to  the  surface  of  a  nerdle  of  tip  radius  r,  s  5-10  pm.  In  this 
paper  we  describe  the  development  of  a  closely  related  “field  emission  system"  in 
which  a  greater  supply  of  liquid  metal  is  employed  to  provide  a  beam  composed  of  a 
mixture  of  metal  ions  and  charged  liquid  droplets.  This  spray  of  ions  and  droplets 
may  be  used  to  produce  highly  adherent  coatings  of  a  vanety  of  metals  and  alloys  as 
has  been  reponed'*'*. 


*  Taper  preaenieU  at  ihe  3rd  Imemauonal  Conremce  on  Ion  and  Plauna  Auiated  Tediniquea. 
Amsterdam.  The  NeUierlands.  June30-Juiy  1981. 
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This  neld  emission  deposition  i  FED)  or  lONCOTE  process  (lONCOTE  a  the 
registered  trademark  of  Dubiiier  Scientific  Ltd.,  Abingdoni  shows  poienual  for  a 
vanety  of  applications  in  which  localized  highly  adherent  coatings  of  high  structural 
integnty  are  required.  Applications  investigated  to  date  include  eiectncal  contact 
patterns,  corrosion  protection  and  metal  bonding.  In  contrast  with  conventional  ion 
plating,  the  FED  technique  is  a  true  vacuum  ion  process  compatible  with  ultrahigh 
vacuum  conditions.  The  coating  flux  is  highly  directional  and  uniform  deposits  are 
produced  by  mechanical  manipulation  of  the  substrate.  In  previous  experiments 
patterned  coatings  have  been  obtained  by  the  use  of  masks,  but  recently  we  have 
been  able  to  demonstrate  that  both  ions  and  droplets  can  be  focused  and  steered  by 
elearical  means.  As  a  result  the  FED  or  lONCOTE  technique  now  appears  to  offer 
considerable  potential  for  maskiess  generation  of  complex  coating  patterns.  This 
will  be  discussed  more  fully,  in  Section  3. 

1  SPRAYER  DESIGN 

We  shall  refer  mainly  to  the  use  of  gold  as  the  coaung  matenai  since  this  is  the 
element  on  which  most  effort  has  been  concentrated.  Recent  progress  has  been 
made,  however,  using  sprayers  of  gold  alloys,  silver,  copper,  aluminium  alloys  and, 
in  particular,  silicon  (see  Pang  et  oL^). 

The  basic  design  requirements  are  that  a  reservoir  of  liquid  metal  should  be 
maintained  at  its  m.p.  and  subjected  to  a  high  electric  field  by  application  of  a 
posidve  dc.  potential  between  the  reservoir  and  a  negative  countereiectrode  or 
extractor  as  shown  schetnadcally  in  Fig.  1.  The  required  temperature  ( 1060  for 
gold)  is  awii«. .  by  means  of  a  resistiveiy  heated  furnace  and  the  reservoir  may  take 
a  variety  of  forms  including  an  open  nozzle  or  capillary  (Fig.  1(a)).  In  pracdce;  we 
have  found  that  the  wetted  needle  design,  similar  to  that  used  in  liquid  metal  ion 
sources'^  and  shown  in  Fig.  1(b),  produces  the  most  controllable  performance 
charaaerisdcs  together  with  coatings  of  an  acceptable  quality  (see  Seaion  3).  It  is 
ffssendal  that  the  liquid  should  wet  the  surface  of  the  needle  to  form  a  film  which  is 
anchored  to  it  and  which  is  mainuined  at  the  needle  tip  by  flow  over  its  surface  from 
the  reservoir.  It  is  vital  that  this  flow  should  be  controlled  in  order  to  prevent 
flooding  of  the  tip.  As  we  shall  see  in  the  next  seaion.  an  excessive  supply  of  liquid  to 

.nr  .  T 


Fif.  1.  Schcmadc  du^mri  showinf  the  basic  sprayer  design  using  lai  open  nozzic  or  capiilary  md  ibi 
vvetted  aecdiccon^guraiiofii. 
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the  tip  causes  the  emission  of  droplets  which  are  too  large  \d  >  2  umi  to  produce 
high  quality  coatings.  An  inadequate  flow,  however,  will  starve  the  tip,  thereby 
reduang  the  ratio  of  droplets  to  ions  emitted  by  the  sprayer  which  will  then  operate 
essentially  as  an  ion  source.  It  is  found  in  practice  that  a  needle  of  tip  radius  in  excess 
of  50  qjn  (compared  with  5-10  mn  for  an  ion  source)  provides  the  most  satisfaaory 
emitter.  TTie  prototype  sprayer,  which  is  normally  mounted  on  a  70  mm  conflat 
vacuum  flange,  is  shown  schematically  in  Fig.  1  It  is  designed  to  spray  either 
horizontally  or  venically,  though  in  the  venical  mode  care  must  be  taken  not  to 
overfill  the  device  with  consequent  flooding  of  the  needle  due  to  hydrostatic 
pressure. 

Also  illustrated  in  Fig.  2  is  the  eiearostatic  lens  and  deflection  arrangement 
used  in  the  preliminary  expenments  for  maskless  pattern  generaiion. 


F>f.  Z  SdicmaiK  diapwo  of  prototype  sprayer  with  Tocuung  lens  and  deflecion. 

3.  SPRAYER  PERFOR.MANCE 

The  onset  voltage  for  emission  from  a  blunt  needle  FED  sprayer  is  typically 
about  12  kV.  At  currents  of  up  to  about  IfOqA  the  spray  is  ..imposed  chiefly  of  ions, 
though  there  is  evidence  to  suggest  the  existence  of  clusters  microdropiets  wuh 
diumctcis  ranging  from  a  few  hundred  angstroms  to  about  1000  A*.  In  this  mode  the 
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high  energy  meul  ions  are  used  to  sputter-clean  the  surface  pnor  to  deposition.  At 
higher  currents  (corresponding  to  higher  voltages  and  elecinc  fields),  increased  field- 
disruption  of  the  liquid  surface  occurs  and  the  ratio  of  droplets  to  ions  in  the  spray  is 
increased-  In  this  mode,  lONCOTE  deposits  are  produced  by  agglomeration  of  the 
energetic  droplets  which  solidify  on  mpaa  with  the  substrate.  This  coating 
mechanism  is  conormed  by  scanning  electron  micrographs  (SEM)  of  the  coated 
surface  as  shown  in  Fig  3.  TTie  coating  mode  begins  at  a  current  of  about  2(X)  pA  (see 
Fig  3(a))  when  the  average  droplet  diameter  d  is  less  than  1  iim  and  the  deposition 
rate  R  is  correspondingiy  small  (R  <  0-2  jim  cm*  nun'  ').  At  much  higher  currents 
(greater  than  700  jiA.  see  Fig  3(c)),  deposition  rates  are  significantly  increased 
(R  >  1  fim  cm^  min  ■  *)  but  this  is  achieved  at  the  expense  of  deposit  quality  which  is 
far  coarser  (d  ^  4  qm).  The  optimum  coating  mode  for  most  applications  occurs  at 
currents  of  about  600  nA(R  ^  0.5  tun  an^  min  ~'.d  sr  2  timl,  as  shown  m  Fig  3(b). 


(«) 


3.  SEM  microynphsorFEOcoatui|s  s)io«in(  vanaiion  o(  droplet  size  «ii))  emusion  current  for  an 
extractor  diaowter  ofa.ij  oun.  (a)  Fine  depoui:  J  m  200  iiA;  V  •  14  ItV.  /t  <  0.3  um  cm*  min'  ‘  i  i  <  1 
fim.  fb)  Optuniim  depoaitioa:  I  •  600  uAi  K  <•  I7  kV:  A  s  0-S  um  cat*  mu'  i  s  3  um.  le)  L-arge 
droplet  depouiion:  I  e  T23  \tA:  ^  •  IS.S  It  V:  It  e  1.0  uu  cm*  mm ' ' .  r  e  4 

These  variations  are  further  illustrated  by  the  meiailureicai  sections  of 
lONCOTE  deposits  as  shown  in  Fig  4  dn  this  case  for  films  of  aluminium  of 
ihicJcness  in  excess  of  10  jim).  Figure  4(3)  shows  porosity  in  the  film  assoaated  with 
the  presence  of  large  droplets  in  the  coating  spray.  Figure  -Mb)  shows  the  dense  film 
siruaure  obtained  by  coating  in  the  optimum  mode. 


DEVELOP OF  f  SPRAYER  FOR  FED 


121 


suostatt  ^ 

(b) 

Fi^  4.  MauUurficii  Mcuans  oi  FED  coannp  compannf  the  porous  deposit  obtained  usiof  excmveiy 
larfc  dropkts  at  higher  cuTrenis  (a>  with  the  dense  iiniciiire  obtained  under  opiimuin  deposiuon 
conditions  lb). 
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ir  ihe  coating  spray  is  not  focusetl  the  divergent  beam  of  droplets  and  ions 
causes  a  peaked  axially  symmetrical  coating  to  be  produced.  Thickness  profiles  of 
the  coaungs  formed  using  a  gold  sprayer  on  a  substrate  placed  '^8  mm  from  the 
emitter  were  obtained  using  a  Dektak  profile  recorder.  Computer-fitted  coaung 
profiles  obtained  from  this  data  are  showTi  in  Fig.  5.  The  sharply  peaked  profiles  in 
Figs.  5(a|,  5(b)  and  5(c)  refer  to  the  three  deposits  shown  in  Figs.  3(a),  j(b)  and  3(c). 
The  effect  of  ion  sputtenng  during  coating  is  dearly  seen  in  Fg.  5(ai.  which  shows  a 
net  erosion  of  the  substrate  rather  than  a  coating,  at  distances  greater  than  9  mm 
from  the  centre  of  the  deposit  This  effect  is  not  present  in  the  deposit  profiles  shown 
in  Fgs.  5(b)  and  5(c)  for  which  the  mass  deposition  rate  due  to  droplets  exceeds  the 
mass  loss  due  to  sputtering  over  the  whole  of  the  measured  region. 

Attempts  to  measure  adhesion  of  FED  coatings  of  gold  on  a  vanery  of 
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substrates  including  gla«;«s  have  revealed  an  exceptionally  high  adherence.  Values  in 
excess  of  2x  10^  N  tn'^  have  been  obtained  with  failure  occurring  in  the  bulk 
substrate  or  at  the  test  stub-gold  interface  with  no  failure  of  the  gold-to-substrate 
bond.  Recent  thermal  compression  bonds  using  silver  deposits  have  achieved 
strengths  of  up  to  10*  N  m  ' 


Fig.  5.  Meaiured  deposit  pronies  as  funcuons  of  sprayer  current  correspondin;  to  deposiu  as  in  Fiz.  3 : 
la^  small  droplet  deposition  mote  spuiiennf  beyond  9  hub  radiust:  ibi  optimum  deposition:  lO  iarze 
droplet  dcpositioa 

Electrostatic  focusing  of  the  coating  spray  down  to  spot  sizes  of  a  few 
miilinietres  has  been  achieved.  Figure  6  shows  the  focused  spray  from  an  FED 
sprayer  as  viewed  telescopically  using  an  image-intensifying  camera  The  sequence 
1-4  shows  the  focused  spray  being  defleaed  from  a  central  position  to  strike  the 
substrate  at  a  point  outside  the  circle  of  light  cast  by  the  furnace  of  the  sprayer.  This 
mode  of  operation  is  likely  to  be  of  particular  interest  for  the  maskles?  generation  of 
hybrid  microdrcuti  interconnects. 

4.  DISCUSSION  and  CONCLUSIONS 


.As  a  highly  direnionai  vacuum-coating  technique,  the  FED  or  lONCOTE 
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process  is  similar  in  some  respects  to  ionized  duster  beam  deposition  as  developed 
by  TaJeagi  et  ai.®  However,  the  coating  panicles  are  much  larger  in  t^c  case  oi  FED 
and  miRraiion  effects  are  subsequently  reduced.  It  is  possible  to  produce  amorphous 
deposits  by  FED  as  demonstrated  for  a  Ni-Nh  alloy*  and.  more  recently,  for 
silicon". 


Fif.  S.  Ptioiofnpliic  jcqucao*  showiny  eiectncai  UeflecTion  and  rocusinf  oi  the  coatiny  spray. 


The  energetic  metal  ions  in  the  spray  are  felt  to  be  the  key  to  the  high  adherence 
which  can  be  achieved.  In  addition  to  their  sputter-cleaning  effecL  the  ions  will 
undergo  shallow  implantation  into  the  substrate.  This  effccL  in  addition  to  sputter 
mixing  of  substrate  and  coating,  probably  plays  a  signincant  role  in  establishing  the 
observed  high  intcrfadal  bonding. 

Our  increased  understanding  of  the  hydrodynamics  of  sprayer  operation  haa 
resulted  in  much  closer  control  of  the  dropJei  size  and  coating  rates.  For  most 
applications,  maximum  droplet  diameters  of  about  2  am  give  the  optimum  results. 
However,  there  will  probably  be  grow  ing  interest  in  the  low  current  mode  which  has 
hhheno  been  used  solely  for  ion-spuucr  preconditioning  of  substrates  pnor  to 
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deposition.  The  uny  clusters  and  microdropleis  present  m  this  mode  might  well  oc 
used  to  generate  microcircuit  conductor  patterns  to  submicron  tolerances.  .Masicless 
pattern  generation  appears  to  be  the  most  important  potential  application  of  FED 
technology.  Th'^ugh  much  work  on  focusing  and  deflection  of  the  spray  remains  to 
be  done,  the  successful  preliminary  experiments  reported  here  for  the  first  time 
indicate  the  considerable  promise  of  the  FED  process. 
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